The 2 A 2 and 2 B 1 states formed in the ionization of the outermost orbitals in furan, pyrrole and thiophene are shown to interact vibronically via nontotally symmetric b 2 vibrational modes. The interaction is strongest in pyrrole and thiophene, where the conical intersection between the two adiabatic surfaces occurs near the minimum of the upper ( 2 B 1 ) state. The resulting nonadiabatic effects manifest themselves in the 2 B 1 bands by a lack of resolved structure in case of pyrrole and thiophene, and by a line broadening in case of furan. The spectra are investigated using a linear vibronic coupling model. All totally symmetric a 1 ͑tuning͒ modes and nontotally symmetric b 2 ͑coupling͒ modes describing the ring motion are taken into account. The parameters of the model are obtained with the aid of ab initio calculations. The ground state optimized geometries and vibrational frequencies are computed at the level of the second-order Mo "ller-Plesset perturbation theory, while the dependence of the ionization energies on the nuclear configuration is evaluated using the outer valence Green's function method. Where appropriate, assignments of the observed structure are given.
I. INTRODUCTION
The five-membered heterocycles furan, pyrrole and thiophene play a prominent role in the current organic chemistry, molecular biology and material science. They serve as initial substances for many important syntheses, form the structural units of various natural products, and represent the building blocks for promising novel materials. 1 Hence, the physical chemistry, electronic structure, and spectroscopy of these molecules attract traditionally high attention.
At present, the ground-state characteristics of furan, pyrrole and thiophene are well established. All these molecules are five-membered ring species of C 2v symmetry ͑Fig. 1͒ in which the four p-electrons of the carbon atoms and a lone pair of the heteroatom form a stable six-electron aromatic system characterized by three doubly occupied -molecular orbitals ͑MOs͒. One of these, 1 (1b 1 ) ͑2b 1 in thiophene͒ is largely localized on the heteroatom and is relatively low in energy. The other two MOs, 2 (2b 1 ) ͑3b 1 in thiophene͒ and 3 (1a 2 ), are well delocalized; as the outermost occupied orbitals ͑Fig. 1͒ they determine, to a large extent, the chemical properties and the reactivity. The detachment of an electron from the 1 and 2 orbitals gives rise to the lowest two ionization bands in the photoelectron spectra, corresponding to cations in the 2 A 2 and 2 B 1 states. The energetic order of the corresponding vertical ionization potentials ͑IPs͒ is the same for all three molecules IP( 2 B 1 )ϾIP( 2 A 2 ), which has been confirmed by various experimental [2] [3] [4] [5] [6] [7] and theoretical 8 studies.
The major source of experimental data on the valenceshell ionization of furan, pyrrole and thiophene are the high-resolution photoelectron spectra of Derrick et al. [4] [5] [6] [7] These authors studied the vibrational structure of the 2 A 2 ( 3 Ϫ1 ) and 2 B 1 ( 2 Ϫ1 ) bands and succeeded in assigning many individual lines. For all three molecules, the 2 A 2 ( 3 Ϫ1 ) band exhibits a pronounced vibrational structure. The 2 A 2 bands in furan and pyrrole are rather similar. A somewhat different, but also highly structured spectral envelope is observed in the case of thiophene. By contrast, the 2 B 1 ( 2 Ϫ1 ) bands are notably broader and, in the case of pyrrole and thiophene, show no resolved vibrational structure at all. No explanation for the latter fact has been given so far.
A theoretical effort to analyze the vibrational structure of the 2 A 2 ( 3 Ϫ1 ) and 2 B 1 ( 2 Ϫ1 ) photoelectron bands in furan, pyrrole and thiophene has been made by Takeshita et al. [9] [10] [11] These authors performed self-consistent field ͑SCF͒ calculations for the ground and ionized states and computed Franck-Condon ͑FC͒ factors for vibronic transitions using a shifted harmonic oscillator model. This approach allowed for a qualitatively correct description of the lower ( 2 A 2 ) bands but failed to reproduce the structure of the upper ( 2 B 1 ) bands. As is well known, 12 a broad, diffuse spectral band or an irregular vibrational structure are often the characteristic signatures of nonadiabatic effects. In the present case, a breakdown of the adiabatic approximation may be anticipated, since there is the possibility of linear vibronic coupling between the 2 A 2 and 2 B 1 states via a set of nontotally symmetric b 2 vibrational modes (A 2 B 1 b 2 ʛA 1 ). The failure of the theoretical approach of Takeshita et al. to reproduce the shape of the 2 B 1 ( 2 Ϫ1 ) band within the adiabatic approximation supports the above suggestion. For a more appropriate theoretical treatment of this situation it is necessary to go beyond the Born-Oppenheimer and Franck-Condon approximations. In this paper we report on the results of such a treatment of the nuclear dynamics 12 -electron ionization of furan, pyrrole and thiophene. In this approach, which has been successfully applied in the past to a number of vibronic coupling systems, 12 the nuclear dynamics of the valence-shell -orbital ionization is described by a model Hamiltonian assuming linear vibronic coupling of the two diabatic electronic states, 2 A 2 and 2 B 1 . In the present case there are 7 ͑8 in pyrrole͒ suitable b 2 ͑coupling͒ modes which have to be considered together with 8 ͑9 in pyrrole͒ a 1 ͑tuning͒ modes. The so-called intrastate and interstate coupling constants which are parameters of the model associated with a 1 and b 2 modes, respectively, are derived from ab initio calculations of the ionization energies. The latter step is performed using the outer valence Green's function ͑OVGF͒ method. 13 The ground-state vibrational frequencies entering the present vibronic coupling model are computed for the optimized ground-state equilibrium geometry at the level of second-order Mo "ller-Plesset ͑MP2͒ perturbation theory.
II. THEORETICAL FRAMEWORK FOR TREATING THE NUCLEAR DYNAMICS

A. The linear vibronic coupling model
In the present work we study the vibronic structure of the 2 A 2 ( 3 Ϫ1 ) and 2 B 1 ( 2 Ϫ1 ) photoelectron bands within the framework of a general multimode two-state vibronic coupling model as described in Ref. 12 . In this approach the central role is played by the concept of diabatic electronic states 14 which considerably simplifies the solution of the vibronic coupling problem. In the diabatic electronic representation, a final vibronic state is given in the form
where ⌽ i (r;Q), iϭ1, 2, denote the diabatic electronic wave functions associated with the ionic states 2 A 2 and 2 B 1 , respectively, under consideration; r and Q denote collectively the electronic and nuclear coordinates, respectively. The vibrational wave functions 1m (Q) and 2m (Q) in Eq. ͑2.1͒ are determined as the eigenfunction components of a twodimensional vibrational Hamiltonian according to
The Hamiltonian used in the present study is specified ͑in atomic units͒ as follows:
͑2.3͒
In this expression 1 is a 2ϫ2 unit matrix; E i are the vertical ionization energies evaluated at the equilibrium geometry Q 0 of the electronic ground state. The coefficients 1s and 2s are the intrastate coupling constants while s are referred to as interstate coupling constants. The summations run over the sets of totally symmetric (g) and nontotally symmetric (u) normal modes, which in the present case comprise vibrations of a 1 and b 2 symmetry. The Q s are dimensionless normal coordinates associated with the vibrational modes in the electronic ground state. 15, 16 The vibrational Hamiltonian H 0 associated with the electronic ground state ͉⌽ 0 ͘,
assumes noninteracting harmonic oscillators with frequencies s , and the vibrational ground state energy is taken as the origin of the energy scale. Regarding the derivation of the present formalism, we note that in the diabatic electronic basis the coupling between the electronic states is introduced via the potential energy rather than via the kinetic energy of the nuclei. A Taylor expansion of the potential energy through linear terms in the nuclear coordinates yields the Hamiltonian ͓Eq. ͑2.3͔͒ establishing the linear vibronic coupling ͑LVC͒ model. The quantities E i , is , s and s ͑iϭ1, 2 and sg, u͒ represent parameters of the model and have to be determined in a suitable way. Despite its simple appearance, the Hamiltonian ͓Eq. ͑2.3͔͒ has proven successful in describing various complex photoelectron and photoabsorption spectra of small and medium-sized molecules. 17, 12, [18] [19] [20] Among the physical phenomena covered by the LVC model we mention first the possibility of symmetry lowering. If the repulsion of the two diabatic states ͓introduced by the off-diagonal element in the Hamiltonian ͑Eq. ͑2.3͔͒ is sufficiently strong, the lower adiabatic potential energy surface ͑PES͒ will exhibit a symmetric double-minimum shape along the coordinates Q s of the coupling modes, the minima being at Q s 0 for any of the coupling modes (su). 12 Second, the dependence of the lower adiabatic electronic wave function on the nuclear coordinates leads to the appearance of Franck-Condon forbidden lines in the low energy part of the spectrum via the mechanism of the vibronic intensity borrowing. 21, 12 Finally, the strongest effects arise at higher energy as a result of ͑conical͒ intersections [22] [23] [24] of the two adiabatic PESs. Here the Born-Oppenheimer or adiabatic separation of the electronic and nuclear motion breaks down completely, leading to a complex, erratic line structure for energies above the minimum energy on the ''seam'' of conical intersections. 12 Under low resolution one will observe merely a diffuse spectral envelope; 12, [17] [18] [19] [20] in a time-dependent description this is reflected by a femtosecond population decay of the upper electronic state. 25, 26 
B. Calculation of the spectrum
The spectral function related to the photoelectron band is given by the golden rule expression
where ͉ 00 ͘ is the vibrational part of the electronic and vibrational ground state. 12 
where the summation is over all possible combinations of quantum numbers associated with the individual modes ͑M is the total number of modes in both sets g and u͒. In actual calculations we have to restrict the length of the expansion ͓Eq. ͑2.6͔͒. This is achieved by specifying the maximal level of excitation ͑in terms of quantum numbers n s ͒ for each mode v s . A practically useful observation is that the Hamiltonian matrix decouples into two submatrices, associated with basis states of either A 2 and B 1 symmetry, which can be diagonalized separately. 12 The standard Lanczos algorithm was used to generate the spectra. 27 Here the Lanczos algorithm is the method of choice as it can be implemented very efficiently to treat the highly sparse vibronic Hamiltonian matrix. Moreover, it provides rapid convergence of the spectral envelope. Typically, in the present calculations about 1000 Lanczos iteration steps yielded a well converged overall spectral profile. However, 10 000 iterations were needed in each case to obtain sufficiently converged individual lines. The spectral intensities are derived from the eigenvectors, which can easily be accomplished by choosing the ground-state harmonic oscillator function ͉ 00 ͘ϵ͉0...0͘ as the starting vector for the Lanczos iterations. The relative intensities are then given simply by the squared first components of the Lanczos eigenvectors. 12 To study the effects of vibronic coupling it is useful to compare the results of the LVC model with the spectrum obtained in the approximation of uncoupled PES ( s ϭ0). The spectrum then becomes the Poisson intensity distribution 12, 28 defined for each of the electronic transitions i(iϭ1,2),
͑2.7͒
Here the Franck-Condon factors are given by
where a is ϭ( is / s ) 2 is the so-called Poisson ͑or vibrational strength͒ parameter. Comparison of the intensity distribution described by Eq. ͑2.7͒ with the results obtained in the vibronic coupling calculations gives useful insight into the role of vibronic coupling and in many cases simplifies the assignments of experimental spectra. In the present work all spectral envelopes have been constructed from the line ͑or stick͒ spectra by convoluting them with Lorentzians of 0.015 eV FWHM ͑full width at half-maximum͒. The latter value is the estimated average experimental resolution in the spectra of Derrick et al. 4 
III. DETAILS OF THE AB INITIO CALCULATIONS
In the present work we pursue a consistent ab initio approach to parametrize our vibronic coupling model, which should ensure a comparable level of accuracy for all three molecules. The determination of the parameters is discussed in the following.
The ground-state energy calculations were carried out at the level of second-order Mo "ller-Plesset perturbation theory. The outer-valence Green's function method 13 was used for the direct calculation of ionization energies. The correlation consistent valence polarized double-͑cc-pVDZ͒ Gaussian basis sets of Dunning 29 were used throughout. Both the MP2 and the OVGF methods allow for a qualitatively reliable description of the electronic structure ͑such as electron correlation and relaxation in the ionized states͒ at relatively small computational effort. The electronic structure calculations were performed using the GAUSSIAN program package. 30
A. The ground-state parameters
In the initial step, the ground-state equilibrium geometries have been optimized. The results are listed in Table I . Also, some experimental data are shown for comparison. The ground-state energies associated with the optimal structures, calculated at the SCF and MP2 level are given in the footnotes of Table I . The theoretical and experimental [31] [32] [33] values of the geometrical parameters are seen to be in a good agreement, although the present results somewhat overestimate the bond lengths.
In the second step, the ground-state vibrational frequencies s and the corresponding normal modes have been computed at the equilibrium geometries. Appropriate scaling yields the dimensionless normal coordinates Q s required for the determination of the vibronic coupling constants. In the past various schemes have been used for labeling vibrations in the five-membered heterocyclic rings. In the present work we adopt for all three molecules the nomenclature of Lord and Miller 34 introduced for the case of pyrrole. The forms of the a 1 ͑labeled 1 through 9 ͒ and of the b 2 ͑labeled 10 through 17 ͒ vibrations obtained in our calculations for pyrrole are shown in Figs. 2 and 3, respectively. Very similar vibrations result for furan and thiophene. Note that there are no modes 9 and 12 ͑N-H stretching and bending, respec-tively͒ in the latter two molecules. The normal modes in Figs. 2 and 3 differ in some instances from the figures given by Lord and Miller, but they are in better agreement with the more recent results of Scott. 35, 36 In Table II we compare the calculated harmonic frequencies of the a 1 and b 2 modes with available experimental data. [37] [38] [39] In general, rather satisfactory agreement between theory and experiment is observed for the frequencies of the skeleton vibrations ͑ 1 -6 , 10 , 11 and 13 -15 ͒. 
B. Determination of coupling constants
The next step is the determination of the various coupling constants in the vibronic Hamiltonian. The intrastate coupling constants is associated with the totally symmetric modes in Eq. ͑2.3͒ can be derived with the aid of the relation 12
where V i (Q) denotes the adiabatic PES, iϭ1 and 2. Here the derivative with respect to the normal coordinate Q s is to be taken at the equilibrium geometry of the electronic ground state. The interstate coupling constants s in Eq. ͑2.3͒ can be obtained in a similar way according to
where the nuclear configuration Q 1s has to be chosen along the coordinate Q s in the vicinity of Q 0 . In practice, Eqs. ͑3.1͒ and ͑3.2͒ have been evaluated numerically, by computing the ionization energies at several nuclear configurations. The distorted configurations Q 1s ϭQ 0 ϮxQ s have been constructed using the ground-state Cartesian normal coordinates Q s and the scaling factor xϭ0.5.
The calculated intrastate coupling constants is are given in Table III . These quantities indicate that there is an appreciable vibronic coupling via most of the skeleton vibrations 1 -6 . As expected, a much weaker coupling effect is seen for the 7 -9 modes associated with the hydrogen motions. Similar observations apply for the interstate coupling constants s in Table IV . These findings show that only the hydrogen stretching vibrations may be neglected in the vibronic calculations. As seen from Tables III and IV, the maximum quantum numbers of individual modes used for the generation of the harmonic oscillator basis range from 2 to 9. These values have been roughly optimized to minimize the size of the expansion but no thorough convergence tests have been performed. The resulting dimensions of the vibronic Hamiltonian matrices were 1 088 640, 5 225 472 and 7 962 624 in the case of furan, pyrrole, and thiophene, respectively.
The knowledge of the coupling constants is , the vertical ionization energies and the ground-state vibrational frequencies allows one to calculate the adiabatic ͑0-0͒ ionization energies and the minimum energy of conical intersection of the two adiabatic surfaces. Since the explicit expressions for these quantities are quite lengthy, we show in Table V only the results of the calculations; for details the reader is referred to Ref. 12. Here the interesting finding is that in pyrrole and thiophene the intersection occurs very close to 
C. Vertical ionization energies
Let us recall that the vertical transition energies are primarily a theoretical notion that cannot directly be taken from experiment. Often, however, the center of gravity of an electronic band is a good approximation to the vertical transition energy. In principle, the 2 A 2 ( 3 Ϫ1 ) and 2 B 1 ( 2 Ϫ1 ) ionization energies in furan, pyrrole and thiophene are well established experimentally 2-7 and theoretically. [8] [9] [10] [11] It should be noted that there has been some confusion concerning the experimental ''vertical'' ionization energies E expt used in the literature, as the values given by Derrick et al. [5] [6] [7] are identical to the energies of the adiabatic transitions E 0Ϫ0 expt for the 2 A 2 band in all three molecules and for the 2 B 1 band in furan ͑Table V͒. This is clearly incorrect, since the respective bands have widths of more than 0.4 eV and exhibit substan-tial spectral strength above the 0-0 transition. Using our theoretical data presented in Table V we can estimate the ''true'' experimental vertical ionization energies E est . To this end, we first evaluate the ''adiabatic lowering'' ⌬ ad , that is, the difference between the calculated vertical and adiabatic energies. As seen from the Table V , the ⌬ ad values vary between 0.14 and 0.22 eV. The deviation of the E 0 -0 th from the experimental values ͑excepting 2 B 1 bands in pyrrole and thiophene where the 0-0 lines cannot be resolved͒ is rather uniform and varies between 0.45 and 0.51 eV. We obtain very similar deviations by comparing our vertical energies with the positions of the 2 B 1 band maxima in pyrrole and thiophene ͑0.47 and 0.45 eV, respectively͒. These observations confirm that the calculated ⌬ ad values are quite realistic and indicate that the average absolute accuracy of our results for ionization energies is about 0.47 eV. By adding ⌬ ad to E 0 -0 th , we finally obtain the required estimates E est of the experimental vertical transition energies ͑Table V͒.
Before presenting the results of our dynamic calculations we repeat that purely ab initio data have been used for the parameters of the LVC model, including the vertical ionization energies E th from Table V . 
IV. RESULTS AND DISCUSSION
A. Furan
The 2 A 2 band
The experimental 2 A 2 ( 3 Ϫ1 ) photoelectron band of furan is shown in Fig. 4͑A͒ . In this spectrum Derrick et al. 4, 5 have identified eight vibrationally excited levels which we have labeled by Latin letters A through H. In addition to these features we further distinguish several less prominent structures, not assigned previously. These are the maxima ␥ and and the shoulders ␦ and ⑀.
The Poisson intensity distribution computed here ͓Fig. 4͑C͔͒ reproduces quite well the major features of the experimental spectrum in the 2 A 2 band at lower energy. 40 The calculated transition energies ͑Table VI͒ are also in fair agreement with the experimental data of Derrick et al. 4, 5 The transition frequencies given by Takeshita et al. 9 ,41 agree lees favorably with experiment, 4, 5 probably because of the neglect of electronic correlation. For convenience of comparison in Table VI and in the following, the notations of the a 1 modes of Takeshita et al. [9] [10] [11] were converted to those of Lord and Miller. 34 Our results generally support the assign- vibronic spectrum ͓Fig. 4͑B͔͒ the relative positions of certain lines are slightly modified and few new lines of much smaller intensity can be seen. The picture of the two separate adiabatic energy surfaces holds here to a good approximation ͑see the discussion in Sec. IV D͒, and the additional lines can be regarded as being due to the nontotally symmetric modes via intensity borrowing. Almost certainly, 42 the very first of these lines corresponds to the excitation of a single quantum of the coupling mode 10 with a modified frequency of 0.1 eV (807 cm Ϫ1 ), which is in agreement with the final-state frequency of 0.105 eV (847 cm Ϫ1 ) as estimated from the expression 43
͑4.1͒
The interpretation of intensity borrowing lines at higher energy is less obvious and we do not pursue this here. The presence of nontotally symmetric vibrations in the spectrum allows us to explain some of the features not addressed in the work of Derrick et al. The excitation 10 0 1 , for example, gives rise to the shoulder ␦ at about 8.99 eV. As seen from the Table VI , its calculated and measured frequencies relative to the 0-0 origin ͑807 and 799 cm Ϫ1 , respectively͒ agree well. The shoulder ⑀ near 9.09 eV ͑1565 cm Ϫ1 with respect to the 0-0 origin͒ is identified as a satellite line with calculated frequency of 1613 cm Ϫ1 . This feature could be assigned to the 10 0 2 transition by noticing that its frequency is just twice the frequency of the 10 0 1 line, and that the vibrational final state according to our calculations has A 1 symmetry. The weak maximum at 9.12 eV ͑1742 cm Ϫ1 with respect to the 0-0 origin͒ correlates with the group of lines in the 8.55-8.58 eV region. The strongest of these lines has a calculated frequency of 1855 cm Ϫ1 and A 1 vibrational symmetry.
The 2 B 1 band
For the 2 B 1 ( 2 Ϫ1 ) photoelectron band ͓Fig. 5͑C͔͒ the Poisson intensity distribution agrees less favorably with the experimental profile ͓Fig. 5͑A͔͒ than in the case of the 2 A 2 ( 3 Ϫ1 ) band. The theoretical spectrum predicts more structure than seen in the experiment. Also, the experimental spectrum is characterized here by notably broader lines. Some assignments, however, are possible. As seen from Table VII, our calculations predict high activity of the modes 1 -6 , while again only the modes 1 , 3 and 5 have been taken into consideration by Derrick et al. 4, 5 Accordingly, some of the previous assignments have to be modified. For example, three transitions 2 0 1 , 3 0 1 and 4 0 1 contribute to the shoulder C, whereas only one (3 0 1 ) has been identified by Derrick et al. Moreover, our calculations explain the maximum D as arising from two transitions, 5 0 1 and 6 0 1 , from which only the former has been considered by Derrick et al.
The results of Takeshita et al. 9 are in qualitative agreement with the present findings ͑Table VII͒. A major discrepancy from our results is that the modes 4 and 5 are found to be not active. In comparison with experiment, the transition energies calculated by Takeshita et al. seem to be systematically too large.
There is a notable increase of the linewidths in the 2 B 1 ( 2 Ϫ1 ) band, as compared to the case of the 2 A 2 ( 3 Ϫ1 ) band. This effect can be understood by inspecting results of the vibronic calculation. The spectrum in Fig. 5͑B͒ largely reproduces the Poisson profile. However, the spectral peaks no longer correspond to individual lines, but rather arise from bunches of closely lying lines where the intensity is rapidly decreasing with the distance from the central line. By their shape and nature these structures resemble resonances. Indeed, they can be viewed as a result of weak interaction between the a 1 vibrations of the upper ( 2 B 1 ) adiabatic surface and a dense manifold of highly excited b 2 vibrational levels of the lower ( 2 A 2 ) surface. Since the overall shape of the spectrum is largely preserved and the position of the ''resonances'' are only slightly shifted with respect to the positions of the parent lines in the Poisson intensity distribution, the above assignment of the experimental spectrum ͑Table VII͒ can be expected to be realistic. The weak maximum ␥ seen in the experimental spectrum between peaks A and B cannot be explained by the present calculations.
B. Pyrrole
The 2 A 2 band
The shape of the 2 A 2 ( 3 Ϫ1 ) photoelectron band in pyrrole ͓Fig. 6͑A͔͒ is quite similar to the one observed in furan. Derrick et al. 4, 6 have identified and interpreted a number of transitions ͑labeled A through K͒ in terms of excitations of the four vibrational modes 1 , 4 , 5 and 6 . Our Poisson analysis ͓Fig. 6͑C͔͒ predicts that in addition to the latter vibrations also 2 mode should play a role in the spectrum. The theoretical profile agrees well with experiment so that are quite similar to ours. However, it should be noted that in the latter work the modes 3 , 5 and 6 do not strictly correspond to those in the electronic ground state.
The full vibronic spectrum in Fig. 6͑B͒ resembles the spectral profile of the Poisson intensity distribution. However, at the level of individual lines some new features can be noticed. Whereas the transitions 1 0 1 , 2 0 1 and 4 0 1 are only slightly affected, the location of the 5 0 1 and 6 0 1 lines in the vibronic spectrum is no longer obvious as here the spectrum is notably modified. The excitations 5 0 1 and 6 0 1 can probably be found near 7.85-7.90 eV, although the group of lines in this region may have a more complex origin. Many intensityborrowing satellites are observed in the vibronic spectrum. Analogous to the case of furan, the lowest of these lines is located about 0.096 eV (774 cm Ϫ1 ) above the 0-0 line and represents the 10 0 1 transition. The frequency of this transition estimated using Eq. ͑4.1͒ is 0.101 eV (815 cm Ϫ1 ). The 10 0 1 transition correlates with the previously unidentified shoulder ␦ found about 0.086 eV (694 cm Ϫ1 ) above the 0-0 line in the experimental spectrum.
The 2 B 1 band
The 2 B 1 ( 2 Ϫ1 ) photoelectron band in pyrrole ͓Fig. 7͑A͔͒ differs strikingly from those considered above. All features are very broad and almost no structure can be discerned. The two prominent maxima A and B have been assigned by Der- rick et al. 4, 6 to the 0-0 and 1 0 1 transitions, respectively. In view of the high experimental resolution the diffuse character of this band poses a puzzle that has not been addressed in the literature hitherto.
The Poisson intensity distribution plotted with the usual linewidth of 0.015 eV ͓Fig. 7͑C͔͒ differs markedly from the experimental profile. However, the agreement between the theoretical and experimental spectral profile could be improved by using a larger linewidth in the theoretical spectrum. Indeed, then the 0-0 line in the Poisson distribution would match the peak A, whereas the group of lines at higher energy beginning with the transition 1 0 1 would give rise to a broad maximum correlating with the maximum B. Our Poisson analysis predicts the modes 1 -5 to be active in the 2 B 1 ( 2 Ϫ1 ) ionization, which differs from the findings of Takeshita et al. 10 The answer to this question is given by vibronic calculations. As seen in the spectrum in Fig. 7͑B͒ , vibronic interaction of the 2 B 1 and the 2 A 2 state leads to a completely different spectral profile than that of the Poisson distribution. Now the theoretical spectrum is in excellent qualitative agreement with experiment. The distinct spectral line structure seen in the Fig. 7͑C͒ has turned into a complicated and irregular line pattern. The density of states is so high that any individual assignment of vibrational lines is impossible. However, it is probably legitimate to assume that the fairly distinct groups of transitions in vibronic spectrum near 8.7 and 8.85 eV are related to the transitions 0-0 through 5 0 1 . Qualitatively this relationship can be understood as a redistribution of the spectral intensity of the a 1 transitions associated with the upper electronic state by mixing with a large number of excitations of b 2 modes associated with the lower electronic state. 12 This situation is similar to ''resonances'' observed for the 2 B 1 ( 2 Ϫ1 ) band in furan, but here much more pronounced due to the distinctly stronger vibronic interaction.
C. Thiophene
The 2 A 2 band
The 2 A 2 ( 3 Ϫ1 ) photoelectron band in thiophene ͓Fig. 8͑A͔͒ has a rich vibrational structure of which Derrick et al. 4, 6 identified five transitions. Additionally, one may note at least two more previously unassigned features, denoted as ␦ and ⑀. The Poisson intensity distribution is shown in Fig.   8͑C͒ . At this simple level of theory the experimental spectrum is quite well reproduced, allowing one to explain its 11 reproduce the main features of the experimental spectrum at low energy. However, the transition frequencies obtained in the latter work seem to be less accurate than those of our model ͑Table IX͒. The reduced frequency of the 1 mode in thiophene, as compared to furan and pyrrole, is probably responsible for the different shape of the thiophene 2 A 2 ( 3 Ϫ1 ) band. The vibronic spectrum of the 2 A 2 ( 3 Ϫ1 ) photoelectron band ͓Fig. 8͑B͔͒ reproduces closely the spectral profile of the Poisson distribution at the low energy. The Poisson line structure is well preserved so that the features (A -E) in the experimental spectrum can still be assigned to excitations of only totally symmetric vibrations. Many weaker intensityborrowing transitions appear in the spectrum, especially at higher energy. However, except for the first one, 10 0 1 , these transitions, have only little intensity and thus do not play a significant role in the spectrum. As in furan and pyrrole, the 10 0 1 transition, calculated to be 0.067 eV (540 cm Ϫ1 ) above the 0-0 line, seems to give rise to the shoulder ␥ in the experimental spectrum. The calculated final-state frequency of the 10 0 1 vibration is consistent with the estimate 0.050 eV (403 cm Ϫ1 ) obtained using Eq. ͑4.1͒. This result implies a significant reduction of the 10 frequency with respect to its electronic ground state value of 769 cm Ϫ1 .
The 2 B 1 band
The 2 B 1 ( 2 Ϫ1 ) photoelectron band in thiophene ͓Fig. 9͑A͔͒ is probably the most intriguing one among the spectra of all three molecules. The band shows no resolved structure and appears as the single broad hump with a maximum at about 9.5 eV. This shape could be reproduced only if the vibronic interaction with the 2 A 2 ( 3 Ϫ1 ) state is properly taken into account ͓Fig. 9͑B͔͒. The effect of the interaction on the spectrum is so strong that no relation to the Poisson intensity distribution ͓Fig. 9͑C͔͒ can be drawn any more. At the line level, no single prominent feature can be discerned in the dense continuumlike spectrum and no assignment seems possible. The nonadiabatic effects in case of the ) band of thiophene are strongest among theorbital valence-shell photoelectron spectra of all three molecules.
By contrast, the Poisson analysis predicts for the 2 B 1 ( 2 Ϫ1 ) band a highly structured envelope formed by an interplay of the 1 -3 , 5 and 6 modes. The results reported by Takeshita et al. 11 are very similar to the Poisson distribution, and thus clearly irrelevant in explaining the experimental findings. These authors explain the puzzling structureless appearance of the 2 B 1 ( 2 Ϫ1 ) band in thiophene as follows: ''This should be connected with the fact that the tail of the first band of the 2 A 2 state should overlap with the band of the 2 B 1 state and the vibrational structure should not be distinguishable.'' It should be clear that a structure like that of the 2 B 1 band cannot be the result of a simple overlapping of two vibrational progressions. The intensity of the high energy tail of the 2 A 2 states falls off too rapidly, so that the 2 B 1 states would not be affected to any appreciable extent.
D. Comparison of vibronic coupling in the 2 A 2 and 2 B 1 photoelectron bands
The results of our study have demonstrated that the coupling between the 2 A 2 ( 3 Ϫ1 ) and 2 B 1 ( 2 Ϫ1 ) states via nontotally symmetric b 2 vibrations plays an increasingly important role in the valence-shell -ionization in the sequence of the molecules furan, pyrrole, and thiophene. The vibronic coupling depends on several factors which we will discuss in this section. In the presence of a conical intersection between two adiabatic surfaces the nuclear dynamics can be discussed in terms of two distinct effects, referred to as ''coupling'' and ''tuning.'' 12 The coupling is usually regarded as the repulsion of the adiabatic surfaces V 1,2 ͑Sec. III B͒ along the coordinates of the coupling modes. The strength of the coupling along a mode s is determined by the magnitude of the parameter ͉ s / s ͉. 12 The tuning, on the other hand, is related to the position of the adiabatic surfaces with respect to each other, more specifically, to the location of the seam of conical intersections and to the point of minimum energy at this seam. The energy and the coordinates of this point can be determined from the vertical energy gap E 2 ϪE 1 , the coupling constants is and the frequencies s associated with the totally symmetric modes. 12 As follows from the s values in Table IV and the frequencies of the b 2 modes in Table II , the coupling strengths are only moderate 44 in all three molecules. Consequently, the lower ( 2 A 2 ) adiabatic surface does not develop a minimum at a distorted nuclear configuration, as is often the case in systems with strong coupling. 45 Another interesting observation is that the coupling strength for the three molecules is of the same magnitude. The different nonadiabatic effects in these molecules should, therefore, mainly be related to the tuning modes. Inspection of the 2 A 2 and 2 B 1 adiabatic surfaces shows that the conical intersection occurs at 0.51, 0.04 and 0.01 eV above the minimum of the upper ( 2 B 1 ) state in furan, pyrrole, and thiophene, respectively ͑Table V͒. The lowering of the intersection point is consistent with the trend for the reduction of the vertical energy gap between the PES at the ground-state equilibrium conformation ͑1.47, 0.82 and 0.42 eV in furan, pyrrole and thiophene, respectively͒.
For a more detailed analysis, one has to take the change of the vibrational structure with the energy into account and compare the two bands separately for the three molecules. As it has been discussed in the preceding section, the lower ( 2 A 2 ) band in all three molecules is well described already at the level of the Poisson distribution, and the consideration of vibronic interaction adds only some minor details. Since the conical intersection is energetically well separated from the minimum of the 2 A 2 state, and, moreover, the coupling to the 2 B 1 state is relatively weak, the adiabatic approximation is largely valid, that is, the spectrum of the isolated surface is a good description of the actual spectrum. This simplifies the interpretation of spectral features. The prominent transitions are clearly associated with excitations of a 1 modes. On the other hand, some weaker features that are absent in the Poisson distribution could be assigned to excitations of nontotally symmetric b 2 modes. The latter non-Franck-Condon or intensity-borrowing transitions are the signature of weak vibronic coupling between the 2 A 2 and 2 B 1 states. 12 The shape of the upper 2 B 1 ( 2 Ϫ1 ) band changes profoundly when going from one molecule to another, but in all three cases a satisfactory theoretical description can only be obtained if vibronic interaction with the 2 A 2 state is taken into account. In furan, the conical intersection occurs 0.51 eV above the minimum of the 2 B 1 state. The adiabatic approximation may still be applicable for the energy region below an intersection point, and indeed, a large part of the spectrum is relatively well described by the Poisson distribution. As in the lower band, the deviation from the Poisson picture consists in the presence of additional b 2 mode excitation, which here, however, are mainly transitions associated with the lower ( 2 A 2 ) surface. The mixing of the a 1 ''main'' lines of the upper ( 2 B 1 ) state with the ''quasicontinuum'' of b 2 excitations leads to resonancelike structures in the 2 B 1 spectrum. The observation of b 2 vibrations associated with the upper ( 2 B 1 ) surface in the spectrum is more difficult due to the low density of such transitions in the energy region considered, which is related to the increased frequencies of the b 2 modes in the upper electronic state.
In pyrrole and thiophene the conical intersection occurs practically at the minimum of the 2 B 1 state, and the adiabatic approximation fails for the entire 2 B 1 ( 2 Ϫ1 ) band. As a result of vibronic coupling, the spectra become increasingly complicated and differ completely from the Poisson distribution. The differences in the pyrrole and thiophene 2 B 1 bands reflect some differences in the character of the coupling in these molecules. Since the coupling via individual modes is not very strong, the net effect of all b 2 modes is the important entity. ͑This is consistent with the observation that a satisfactory agreement with experiment required to include all b 2 modes in our calculations, except those associated with the hydrogen stretching motion.͒ As seen in Table IV , the number of b 2 modes with nonvanishing coupling constants s in pyrrole is by one less than in thiophene. Moreover, the 10 mode is expected to play a more important role in the spectrum of thiophene than of pyrrole due to the large ratio ͉ s / s ͉ in thiophene.
Finally we would like to mention that the remaining discrepancies between the theoretical ͑vibronic͒ and experimental spectra are probably due to inaccuracies in the parameters of the vibronic model. In the present work all parameters have been determined from ab initio calculations and no attempt has been made to improve these values by fitting procedures. As our experience shows, better agreement with experiment can often be achieved by slightly adjusting the vertical energy gap, the vibrational frequencies and the coupling constants. 12
V. CONCLUDING REMARKS
In the present work we have studied the vibrational structure of the two lowest valence-shell photoelectron bands, 2 A 2 ( 3 Ϫ1 ) and 2 B 1 ( 2 Ϫ1 ), in the sequence of the heteroaromatic molecules: furan-pyrrole-thiophene. Our theoretical approach uses the results of ab initio modeling as the basis for subsequent treatment of the nuclear dynamics. The ground-state equilibrium geometries and vibrational frequencies have been computed at the MP2 level of theory, while the outer valence Green's functions ͑OVGF͒ method 13, 30 has been employed in the calculations of the ionization energies. The cc-pVDZ basis sets 29 have been used throughout. Although the absolute accuracy of this approach with respect to vertical ionization potentials is not very high ͑about 0.4 eV͒, the relative energy and the dependence of the ionization energies on the geometric parameters are reproduced more satisfactorily. Finally, large-scale dynamic calculations treating simultaneously two electronic states 2 A 2 and 2 B 1 including up to six a 1 and up to five b 2 vibrational modes have been performed within the framework of the linear vibronic coupling model. 12 The structural similarity in the ground-state of the three molecules is preserved in the electronic structure of the ionized states. It has been found that in all three molecules the adiabatic PES of the 2 A 2 ( 3 Ϫ1 ) and 2 B 1 ( 2 Ϫ1 ) states exhibit a conical intersection at or slightly above the minimum of the upper ( 2 B 1 ) state. A moderately strong coupling between the two surfaces has been revealed for virtually every b 2 vibrational mode. These two effects influence the nuclear dynamics and lead to complex photoelectron bands. The lower ( 2 A 2 ) bands are less affected by the conical intersection, and the adiabatic approximation here holds to a good approximation. Since the coupling to the upper state is not very strong, these bands are well described already by means of the simple Poisson intensity distribution. The major spectral features could be assigned in terms of excitations of totally symmetric modes. In all molecules essentially the same set of a 1 modes ͑ 1 , 2 , 4 -6 ͒ has been found to contribute to the spectra of the 2 A 2 ( 3 Ϫ1 ) bands. This extends the assignments of Derrick et al., [4] [5] [6] [7] who had assumed that only the 1 , 4 and 6 modes ͑ 1 , 4 -6 in pyrrole͒ are active in this case. The present vibronic calculations clarify further details in the 2 A 2 ( 3 Ϫ1 ) bands. For the upper ( 2 B 1 ) bands, the nonadiabatic effects are much stronger and their shape could be satisfactorily reproduced only if vibronic interaction with the 2 A 2 state is properly taken into account.
We have further analyzed the factors defining the actual structure of the observed spectra in order to establish general trends. This analysis has shown that the strength of nonadiabatic effects is mainly related to the location of the conical intersection point. The nonadiabatic effect are particularly strong in pyrrole and thiophene where the conical intersection almost approaches the bottom of the upper ( 2 B 1 ) state. Concomitant with the lowering of the conical intersection, there is a decrease of the vertical energy splitting between the two electronic states, 2 A 2 ( 3 Ϫ1 ) and 2 B 1 ( 2 Ϫ1 ). The differences between the spectra of pyrrole and thiophene are mainly due to the stronger net coupling in the latter case.
The results obtained in the present work demonstrate once again that the nonadiabatic effects are much more widespread and important, even in common chemical systems, than traditionally accepted. The example of the photoelectron bands of the heteroaromatic molecules furan, pyrrole and thiophene indicates that there exists a large class of chemical systems were vibronic interactions can be expected. These systems are polyatomic organic molecules of lowsymmetry with well separated electronic bands which, nevertheless, can interact vibronically due to the large number of vibrational degrees of freedom. Even if the coupling via individual nontotally symmetric modes is not very strong, the net effect can become appreciable and can lead to a significant complication of the observed spectra.
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APPENDIX: PHOTOELECTRON INTENSITIES IN THE CASE OF VIBRONIC COUPLING
In the following we consider the dipole matrix element T m ϭ͗⌿ ⑀m ͉D ͉⌿ 00 ͘ ͑A1͒ taken between the initial ͑electronic and vibrational͒ ground state ͉⌿ 00 ͘ϭ͉⌽ 0 ͉͘ 00 ͘ ͑A2͒ and a final state
associated with an ion in the mth vibronic state of energy e m and a photoelectron with kinetic energy ⑀ϭhvϪe m ͑hv is the photon energy͒. Here D denotes a component of the dipole operator, and c ⑀ † is a creation operator of second quantization for the continuum orbital ͉ ⑀ ͘. The representation
͑A3͒ of the final state as an antisymmetrized product of the ionic state and a one-particle scattering state supposes a sufficiently high photon energy ͑''sudden limit''͒. 46, 27 Moreover, we have neglected the details of the spin coupling which would lead to a factor of & in the spin-free final expression. In the two-state vibronic coupling problem considered in this paper the final vibronic states are represented according to Eq. ͑2.1͒ by
where ͉⌽ i ͘, iϭ1, 2, denote the ͑diabatic͒ electronic states corresponding to an electron vacancy in the orbital a and b, respectively. In the evaluation of Eq. ͑A1͒ one has to deal with the electronic integrals
͑A5͒
which, of course, may depend parametrically on the nuclear coordinates. Let us recall that in second quantization the dipole operator can be written as and the fact that in the sudden limit c ⑀ ͉⌽ 0 ͘ϭ0, the matrix elements ͑A5͒ take on the form
are referred to as spectroscopic amplitudes. Under the assumption that ͉⌽ 1 ͘ and ͉⌽ 2 ͘ are well characterized as single hole states a Ϫ1 and b Ϫ1 , respectively, there is only one nonnegligible spectroscopic amplitude for either state, namely, x a (1) and x b (2) , respectively. Using these results in evaluating Eq. ͑A1͒ one obtains the following expression for the spectral function:
͑A8͒
In the latter equation we have used the fact that neither the dipole integrals nor the spectroscopic amplitudes depend ͑strongly͒ on the nuclear coordinates ͑corresponding to the Franck-Condon approximation for the diabatic states͒. For sufficiently high photon energy the dipole integrals do not vary much as a function of ⑀ in the range of the vibronic band considered. In this limit one may also assume equal magnitudes for the two partial cross sections, that is, ͉d ⑀a ͉ Ϸ͉d ⑀b ͉. Moreover, as ͉x a (1) ͉Ϸ͉x b
(2) ͉р1 we may put
and extract these products out of the summation in Eq. ͑A8͒. Note that possible phase factors of the orbitals a and b compensate each other in the product ͑A9͒. The final result for the spectral function reads
If, as in the present case, the electronic states belong to different symmetry species, one of the two overlap integrals ͗ 00 ͉ im ͘, iϭ1, 2, must always vanish for symmetry reasons. Therefore, Eq. ͑A9͒ may be replaced by
͑A11͒
In the spectral function used in Sec. II B the factor ͉A͉ 2 has been put to 1.
